99.9%) were purchased from Thermo Fisher Scientifi c Inc. 7-Ketocholesterol was prepared by a known procedure ( 39 ) .
Cell cultures
The neuroblastoma cell line Neuro2a was purchased from the American Type Culture Collection (Rockville, MD). Dhcr7-deficient and nonsilencing Neuro2a cells were generated as described previously ( 40 ) . Dhcr7-defi cient cells express short hairpin (sh) RNA that downregulates the Dhcr7 enzyme and leads to accumulation of 7-DHC when the cells are grown in lipid-defi cient serum. Nonsilencing Neuro2a cells express nonsilencing shRNA vector. All cell lines were maintained in DMEM supplemented with L -glutamine, 10% FBS (Thermo Scientifi c HyClone, Logan, UT), and penicillin/streptomycin at 37°C and 5% CO 2 . According to the vendor, the FBS contained cholesterol at concentrations of 32 mg/100 ml. This translates into a fi nal cholesterol concentration of 32 µg/ml in our culture medium. For experiments shown in Fig. 1 , cells were cultured with medium containing 10% cholesterol-defi cient serum (Thermo Scientifi c HyClone Lipid Reduced FBS). This FBS medium did not have detectable cholesterol levels. While Neuro2a cultures were maintained in DMEM with phenol red, the experimental data was obtained from cultures grown in phenol-free DMEM medium. Dhcr7-defi cient and control (transfected with nonsilencing shRNA) cells were grown in the presence of puromycin ( 40 ) .
Lipid extraction, separation, and HPLC-MS/MS analyses of Neuro2a cells
Control and Dhcr7-defi cient Neuro2a cultures were generated as discussed above and as previously reported ( 40 ) . Cell pellets were collected after the cultures were grown for 5 days in lipiddefi cient medium. Cell pellets were homogenized in Folch solution (5 ml, chloroform-methanol = 2/1, containing 0.001 M butylated hydroxytoluene and PPh 3 ) by vortexing and sonication for 20 s. A NaCl aqueous solution (0.9%, 1 ml) was then added, and the resulting mixture was vortexed for 1 min and centrifuged for 5 min. The lower organic phase was recovered, dried under nitrogen, redissolved in methylene chloride, and subject to separation with NH 2 -SPE [500 mg; the column was conditioned with 4 ml of hexanes, and the neutral lipids containing oxysterols were eluted with 4 ml of chloroform-isopropanol (2/1)]. The eluted fractions were then dried under nitrogen and reconstituted in methylene chloride (400 l) for HPLC-MS/MS analyses. The analyses were carried out similarly to the method described previously ( 32 ) . The HPLC conditions were: silica, 4.6 mm × 25 cm column, 5 , 1.0 ml/min; elution solvent: 10% 2-propanol in hexanes. For MS, selective reaction monitoring was employed to monitor the dehydration process of the ion [M+H-H 2 O] + in the MS. Thus, for oxysterols with a molecular weight of , dehydration of m/z 399 to 381 was monitored. For , m/z 415 to 397 was monitored. In this way, masses that correspond to 7-DHC plus 1, 2, 3, and 4 oxygen atoms can be monitored. Only the and masses showed major differences between control and Dhcr7-defi cient cells, which are shown in Fig. 1 
Immunocytochemistry
Neuro2a cells were plated in 24-well plates at a density of 5,000 cells/well. Twenty-four hours after plating, the cells were treated with oxysterols (concentrations shown in text) for 24, 48, or 72 h and incubated at 37°C with 5% CO 2 . After the appropriate time in mechanisms. One hypothesis is that 7-DHC and/or its oxidative derivatives, i.e., oxysterols, are biologically active, which may play some role in the pathology of SLOS ( 19, (21) (22) (23) (24) . In one recent study, for example, it was reported that high levels of 7-DHC cause exaggerated photosensitivity to ultraviolet (UV) A for SLOS patients ( 24 ) . Longwavelength UV irradiation has been shown to activate NADPH -dependent oxidase activity, leading to oxidative stress in human keratinocytes ( 24 ) . Similarly, in the rat SLOS model, elevated 7-DHC and formation of lipid peroxides lead to retinal degeneration ( 22, 25 ) . Although there is no direct correlation between plasma levels of 7-DHC and the severity of SLOS ( 26 ), it is not known if this correlation is present in specifi c tissues, especially the nervous system. Brain cholesterol biosynthesis is independent from whole-body cholesterol biosynthesis ( 27 ) ; different tissues may accumulate 7-DHC to different degrees and may metabolize 7-DHC or its derivatives differently. In some reported therapeutic studies of SLOS, cholesterol supplementation leads to no signifi cant symptomatic improvement in SLOS patients (28) (29) (30) (31) . Thus, it is possible that 7-DHC accumulation within the nervous system, rather than cholesterol defi ciency, may be critical for development of the nervous system pathophysiology associated with SLOS.
The observation that 7-DHC is such a reactive compound toward free radical reaction with molecular oxygen, producing a complex oxysterol mixture ( 32 ) , coupled with the fact that it plays a prominent role in cholesterol biosynthesis and in SLOS, stimulated us to consider the biological activities of 7-DHC oxysterols in greater detail. The notion that 7-DHC oxysterols may be of interest was further supported by the fact that cholesterol-derived oxysterols have been the focus of many recent studies because of their interesting activities ( 23, (33) (34) (35) (36) (37) (38) . By analogy, it seems reasonable to suggest that 7-DHC oxysterols will have interesting activities, some of which may be associated with the pathophysiology of SLOS.
To test the functional effects of 7-DHC oxysterols on neuronal function, we: 1 ) oxidized 7-DHC in vitro, 2 ) isolated and purifi ed individual oxysterols, 3 ) analyzed Dhcr7-defi cient Neuro2a cells for the presence of oxysterols, 4 ) tested the effects of 7-DHC-derived oxysterols on cell viability, cell proliferation, growth, and gene expression, and 5 ) correlated oxysterol structure with biological activity. We report here the results of those studies and discuss the signifi cance of these fi ndings for SLOS.
MATERIALS AND METHODS

Materials
The initiator 2,2'-azobis(4-methoxy-2,4-dimethylvaleronitrile) was purchased from Wako Chemicals, dried under vacuum, and then stored at Ϫ 40°C. 7-DHC (>98%) and Rose Bengal (95%) were purchased from Sigma-Aldrich Co. and were used without further purifi cation. Benzene (HPLC grade) was passed through a column of neutral alumina and stored over molecular sieves. Hexanes, ethyl acetate, methylene chloride, and methanol (all by guest, on www.jlr.org photooxidation products 13-15 were prepared as reported ( 42, 43 ) .
HPLC fractionation of 7-DHC oxysterols
Because the 7-DHC oxysterol mixture contains over a dozen compounds, we designed experiments to determine the activity of individual fractions collected from HPLC, aiming to fi nd the most potent peaks. The 7-DHC oxidation product mixtures were obtained as reported previously ( 32 ) . Briefl y, 7-DHC (0.13 M) in benzene was oxidized under an atmosphere of O 2 at 37°C for 28 h with the radical initiator 2,2'-azobis(4-methoxy-2,4-dimethylvaleronitrile) (1 mol%), and the resulting reaction mixture was stored at Ϫ 80°C until HPLC separation. The primary 7-DHC-oxidation mixture (0.11 M, 100 l) was subject to separation by normal phase HPLC-UV (25 cm × 10 mm, 5 Si; elution solvent: 10% 2-propanol in hexanes, fl ow rate: 4.0 ml/min, monitoring wavelengths: 210 and 246 nm) over a 40 min period. One minute fractions were collected beginning at the 3rd min until the 39th min. One milliliter of each collected fraction was saved for MS analysis. Half of this 1 ml was analyzed directly by HPLC-MS, and the other half was reduced by PPh 3 (0.1 M, 10 l) before being analyzed by HPLC-MS. HPLC-MS analyses were carried out as previously reported ( 32 ) . Peaks containing 1 , 2a , 2b (OOH), 2b , 2b (OOH), 3 , and 4 were identifi ed by comparing with the retention time and mass spectra of the corresponding standards. The remaining 3 ml was dried under N 2 and used for cell viability tests. the culture, the cells were washed with PBS and fi xed for 15 min at room temperature in 4% paraformaldehyde. Following washing with PBS, the cells were incubated for 30 min in the blocking buffer (10% fetal bovine serum plus 0.1% saponin in PBS) at room temperature. Primary antibodies, anti-p75 (Promega), and Tu20 (Abcam) were diluted in blocking buffer 1:1,000 and incubated overnight at +4°C. After several washes in PBS, secondary antibody, anti-rabbit Cy3 (Sigma), was used at 1:2,000 for 1 h at room temperature. The cells were washed with PBS, a droplet of Flouromount was added, and they were then coverslipped and analyzed on the Zeiss AXIO Observer.Z1 inverted microscope equipped with a Hamamatsu Digital Camera C10600 Orca R 
Total RNA isolation and quantitative PCR
The detailed description of total RNA isolation, quantitative PCR (qPCR), and primer sequences used in the current study were published recently ( 40, 41 ) . The Ki67 primers used in the SYBR qPCR assay were: forward: actgcagcagatggaactagg, reverse: agaacagtagcgtgatgtttgg. These primers were optimized and found to have a slope of Ϫ 3.1 with R = 0.99.
Preparation of 7-DHC-derived oxysterols
Pure oxysterols 1 -7 and 10 were isolated from 7-DHC free radical oxidation mixture as described previously ( 32 ). 7-DHC in human cells and tissues, will be subject to metabolic detoxifi cation ( 44 ) . Indeed, there are a number of enzymes that serve to combat oxidative stress by the reduction of hydroperoxide functional groups, -OOH --> -OH ( 45, 46 ) . We therefore developed methods to reduce hydroperoxide functionality in the primary 7-DHC oxysterol product mixture by a mild reducing agent that reduces hydroperoxides without modifying other functional groups.
Peroxidation of 7-DHC was carried out in solution as described previously ( 32 ) , and the mixture of 7-DHCderived oxysterols formed, which we identify hereafter as the primary oxysterol mixture (or the primary oxysterols), was added to cell cultures to determine their effect on cell survival. The 7-DHC-derived oxysterol mixture that was reduced, which we identify hereafter as the reduced oxysterol mixture, was also assayed for cytotoxicity. For these experiments, we used Neuro2a neuroblastoma cells that were treated with several concentrations (0-100 M) of the 7-DHC oxysterol mixtures for different periods of time (24-72 h) ( Fig. 2 , supplementary Fig. I ). Cell viability was signifi cantly reduced in a dose-and time-dependent manner for treatments with both the primary and reduced oxysterol mixtures. The reduced 7-DHC oxysterol mixture is more toxic than the primary mixture based on comparable effects of the primary mixture at 50 M and the effects of the reduced mixture at 25 M, suggesting that the toxicity of the mixture is not due to a general lipid hydroperoxide effect but is more intimately associated with the oxysterol nucleus structure. For comparison, 7-ketocholesterol and 7 ␤ -hydroxycholesterol derived from cholesterol peroxidation trigger cell death, activate infl ammation, and modulate lipid homeostasis, and their toxicities range from 30-100 µM in monocytic cells to 10-100 nM in hippocampal neurons ( 35, 47, 48 ).
7-DHC-derived cyclic peroxides are the most toxic of all of the isolated 7-DHC oxysterols
Cell viability tests were carried out on Neuro2a cells with all fractions collected from an HPLC separation of the primary and reduced 7-DHC oxysterol mixtures. We conclude from these studies that all of the major potent compounds in the mixtures have known chemical structures that were previously assigned ( 32 ) (supplementary Fig. II) . Subsequently, the Neuro2a cells were exposed to different concentrations of the individual purifi ed 7-DHC-derived oxysterols, and the cytotoxicity of the 7-DHC oxysterol mixture was compared in each case to the activity of individual compounds. Compounds assayed in this way were the epoxy alcohols 1 , 6a , and 6b , the cyclic peroxides 2a , 2b , 3 , and 7 , the dienol 4 , trienol 5 , and tetraols 12a and 12b . In addition, three 7-DHC photo-oxidation products and 7-ketocholesterol were examined for cytotoxicity ( Fig. 3 ,  supplementary Fig. III) .
Epoxy alcohol 1 and compound 7 do not affect apparent cell viability, whereas all other compounds decrease cell viability more than the 7-DHC oxysterol mixture. For most compounds, a concentration of 25 M reduces cell viability by 50% or more. The most toxic compounds are
The same procedure was applied to separation and collection of 7-DHC oxidation products (0.11 M, 100 l) reduced with an excess amount of P(OMe) 3 . Similarly, 1 ml of each fraction was directly used for HPLC-MS analysis and 3 ml was used for cell viability tests.
A parallel HPLC-UV separation of 7-DHC oxidation products reduced with P(OMe) 3 was carried out to collect peaks eluting at 6.9, 7.9, 8.9, 9.2, 10.9, 11.9, 12.5, 13.0, and 15.5 min. 1 HNMR analysis on the collected peaks confi rmed the peaks containing compounds 1 , 2a , 2b , 3 , and 4 , which is consistent with the HPLC-MS analysis.
The correlation between HPLC fractions and their effects on cell viability is shown in supplementary Fig. IIA, B .
In the chromatogram of the primary oxysterol mixture, the majority of bioactive compounds elute in the fi rst 15 HPLC fractions. Among those, fractions 6, 7, 10, 11, and 12 contain the compounds most toxic to Neuro2a cells. In contrast, in the chromatogram of the reduced product mixture, fractions 6 and 7 are much less toxic compared with the comparable primary oxysterol fractions. The compound 2a (OOH) was found to elute in fraction 6 of the primary product mixture and 2b (OOH) elutes in fraction 7 (supplementary Fig. IIA) . This suggests that the most toxic components in fractions 6 and 7 of the primary oxysterol product mixture are 2b (OOH) and 2a (OOH). Cell viability tests on purifi ed compounds are consistent with this observation.
RESULTS
7-DHC oxysterols are present in Dhcr7-defi cient Neuro2a cells
We hypothesized that oxysterols will be present in biological samples under normal metabolic conditions if 7-DHC is present at high levels because of the high oxidizability of this sterol. To test this hypothesis, we analyzed a cellular model for SLOS, Dhcr7-defi cient Neuro2a cells ( 40 ) . Neuro2a have a high endogenous level of the Dhcr7 enzyme and Dhcr7-defi cient cells express shRNA that downregulates Dhcr7 and leads to accumulation of 7-DHC when the cells are grown in lipid-defi cient medium ( 40 ) . Dhcr7-defi cient and nonsilenced cells were grown for 5 days in lipid-defi cient medium and collected for HPLC-MS analysis. A representative chromatogram is shown in Fig. 1 . A number of peaks that have m/z expected for 7-DHC oxysterols were found in the chromatogram of Dhcr7-defi cient cells, whereas these compounds were not detected in the nonsilenced Neuro2a cells. The peak in the chromatogram at RT = 7.24 min was tentatively assigned as compound 10 , 3 ␤ ,5 ␣ -dihydroxycholesta-7-en-6-one, based on the exact retention time and mass spectrum compared with a standard isolated from 7-DHC oxidation product mixture (vide infra, also see Fig. 3 ) ( 32 ) . Studies that confi rm the presence of compound 10 and the structure elucidation of other compounds present in SLOS cell models are ongoing and will be reported in due course.
7-DHC oxysterol mixtures reduce Neuro2a cell viability in a dose-and time-dependent manner
Free radical oxidation of 7-DHC produces a complex primary oxysterol product mixture that contains hydroperoxides, cyclic peroxides, epoxides, and alcohols ( 32 ( Fig. 4 ) .
7-DHC-derived oxysterols induce differentiation of Neuro2a cells
Compared with control Neuro2a cells that are amoeboid irregularly shaped cells, we noticed that 7-DHC-oxysterol-treated cells show signifi cant morphological changes. The concentration of the 7-DHC oxysterol mixture that led to a 50% reduction in cell survival was used to treat Neuro2a cultures for 24-72 h, and the morphological changes of the cells were analyzed by the use of Tu20 and p75 antibodies. Tu20 recognizes neuron-specifi c ␤ III tubulin and it is used as a differentiation marker ( 50 ) . The P75 antibody recognizes neurotrophic receptor p75 that is expressed at high levels in Neuro2a cells and stains both cell bodies and processes ( 41, 51 ) . Microscopic examination showed that in the presence of the 7-DHC oxysterol mixture, Neuro2a cells develop long processes ( Fig. 5 ). These changes are visible within hours of treatment and persist in culture for at least 72 h. The differentiation effect is observable even with lower concentrations of the 7-DHC oxysterol mixture, but it is not as dramatic as shown in Fig. 5 . Both primary and reduced oxysterol mixtures lead to similar morphological changes. The same morphology is observed with both Tu20 and p75 antibodies (supplementary Fig. IV) . Undifferentiated Neuro2a cells express very low levels of ␤ III tubulin, while they express signifi cantly more p75. Therefore, under control conditions, the staining of cell bodies is more prominent with the anti-p75 antibody (supplementary Fig. IV) . Differentiated Neuro2a cells upregulate expression of ␤ III tubulin, and both cell bodies and processes are very brightly stained with Tu20 antibody.
Transcriptome changes that are observed in Dhcr7-defi cient Neuro2a cells are also observed in control Neuro2a cells when treated with 7-DHC oxysterols
We reported previously that Dhcr7 defi ciency in Neuro2a cells leads to transcriptome changes ( 40 ) and to better understand the molecular consequences of oxysterol treatment, we analyzed treated and control cells by qPCR at 24 h ( Fig. 4 ) and 48 h (supplementary Fig. V) after treatment. We chose to analyze the expression level of the same transcripts that we found altered in Dhcr7-deficient Neuro2a cells ( 40 ) . These include Adam 19 , Egr1 , 20Rik , Prr13 , Snag1 , Snx6 , and lipid biosynthesis genes ( FASN , SREBP2 , SCAP , S1P , and SQS1 ). We found that 7-DHC oxysterols indeed induce changes in the same set of genes in control cells as those that were identifi ed in Dhcr7-defi cient cells. With the exception of the Snx6 transcript that is not affected by oxysterols, the treated cells generally show more pronounced effects than those observed in Dhcr7-defi cient cells; the magnitude of change in oxysterol-treated cells is on average more than 1 ⌬ ⌬ Ct (2-fold) compared with less than 1 ⌬ ⌬ Ct in Dhcr7-defi cient cells. endoperoxides 2a , 2b , and 3 , which all affect cell viability at 5 M concentrations. While these compounds all contain an endoperoxide functional group linking carbons 5 and 9 on the steroid ring B, compound 7 has a similar endoperoxide but has little, if any, cytotoxicity. Clearly, these cytotoxicity effects depend on subtle structural differences, and generalizations about structure-activity should be advanced with some caution at this time.
7-DHC-derived oxysterols reduce proliferation of Neuro2a cells
Neuro2a cells are a rapidly proliferating neuroblastoma cell line. The reduced cell viability in these cells when exposed to oxysterols could be the result of reduced proliferation, cell death, or both. Ki67 is a cell cycle-related nuclear protein expressed by proliferating cells in all phases of the active cell cycle, and it is routinely used as a marker of cell proliferation ( 49 ). qPCR for the expression level of Ki67 mRNA shows that the 53 ). Based on the studies reported here, we conclude that the majority of the oxysterols formed from peroxidation of 7-DHC are bioactive and strongly affect cell viability. Indeed, the oxysterol mixture formed from peroxidation of 7-DHC strongly reduces cell proliferation in Neuro2a cells and leads to induction of cell differentiation.
The set of 7-DHC-derived products is remarkably complex compared with the products that are normally observed from peroxidation of cholesterol. Cholesterol is a mono-alkene that, upon peroxidation, gives primarily oxo-, hydroxyl-, and hydroperoxyl-substituted derivatives at C-7 of the sterol structure. 7-DHC, on the other hand, is a diene and this provides additional mechanistic options. A detailed reaction mechanism that involves abstraction of hydrogen atoms at C-9 and/or C14 of the sterol was presented recently to account for the formation of all of the isolated oxysterols ( 32 ) .
Both primary and reduced 7-DHC oxysterols trigger expression changes similar to those observed in Dhcr7-defi cient cells. However, compound 10 shows a slightly different gene expression profi le. Whereas compound 10 regulates expression of Ki67 , Prr13 , Adam19 , Egr1 , and Snag1 , it does not affect the lipid biosynthesis enzymes except the Dhcr7 transcript. The observed changes in lipid transcripts induced with primary and reduced 7-DHC oxysterol treatment are in agreement with published reports on the ability of cholesterol-derived oxysterols modulating lipid biosynthesis ( 33 ) .
DISCUSSION
The products of fatty acid and cholesterol peroxidation may serve as biomarkers of oxidative stress, but they may also exert signifi cant biological activities and play important roles in cell signaling and gene induction ( 52, scription factors (54) (55) (56) . The most potent endogenous ligands for LXRs are 24S-hydroxycholesterol, 24 S ,25-epoxycholesterol, 24-oxocholesterol, 27-hydroxycholesterol, and desmosterol (57) (58) (59) (60) . The drastic differences between the core structures of 7-DHC-derived oxysterols and the structures of the classic ligands for LXRs may provide much needed guidance for the study of structure-activity relationships of nuclear receptor ligands ( 57 ) . Indeed, oxysterols are ligands not only for LXRs and retinoid X receptors but also for other nuclear receptors ( 61 ) . In addition, there is a very large family of oxysterol-binding proteins, and different oxysterols may work in concert with specifi c binding proteins ( 62 ) . This is in agreement with our fi nding that the cellular transcriptome changes triggered by 7-DHC-derived oxysterols in control Neuro2a cells overlap with the changes observed in Dhcr7-defi cient cells, suggesting a role for oxysterols not only in lipid biosynthesis but also in other aspects of cellular metabolism.
Our studies show that several oxysterols are present in the SLOS Neuro2a cell models, and these compounds are not found in control Neuro2a cells ( Fig. 1 ) . One of these oxysterols is tentatively assigned as compound 10 on the basis of identical mass spectra and retention times compared with the isolated standard. Compound 10 is a constituent of the product mixture formed from the free radical oxidation of 7-DHC, and this is highly suggestive that peroxidation of 7-DHC is linked to cellular changes in SLOS.
Compound 10 as well as oxysterol mixture induce transcriptome changes in the cholesterol and lipid biosynthesis pathways. However, compound 10 shows slightly different changes than those found for the 7-DHC oxysterol mixture. It is not surprising that the individual 7-DHC oxysterols would show differential effects on induction of specifi c genes, because they most likely act as specifi c ligands for different liver X receptors (LXRs) or other tran- cause the cholesterol precursors and their oxidized forms may be bioactive and potentially toxic, careful isolation and characterization of specifi c sterols and oxysterols in these KO mice may prove to be of interest. Studies directed toward identifi cation of other 7-DHC-derived oxysterols found in SLOS cell models and assessment of their biological activities are ongoing in our laboratories and will be reported in due course. The examination of human SLOS fi broblasts and knockout rodents will also be carried out to explore the role of 7-DHC oxysterols in these systems.
What is the signifi cance of our fi ndings for SLOS? In SLOS, 7-DHC accumulates in tissue and fl uids. Whereas control populations show plasma cholesterol levels of ‫ف‬ 180 mg/dl and 7-DHC of ‫ف‬ 0.005-0.05 mg/dl, SLOS patients can have plasma cholesterol levels of ‫ف‬ 85 mg/dl or lower and 7-DHC levels as high as ‫ف‬ 25 mg/dl ( 20, 28 ) . A rough calculation of the kinetics of oxysterol product Indeed, our studies are in agreement with a recent proposal by Fliesler ( 63 ) suggesting that SLOS is not only an imbalance of cholesterol and 7-DHC caused by defects in Dhcr7, but it also involves secondary defects in nonsterol metabolic pathways and additional biochemical changes ( 63 ) . Low levels of cholesterol are present in several disorders arising from defects in different enzymes in the cholesterol biosynthesis pathway (CDPX2, lathosterolosis, desmosterolosis) ( 18, 64 ) . Because the phenotype is specifi c for different disorders, it is very likely that in addition to low levels of cholesterol there are other contributing factors, including the accumulation of sterol intermediates. This is supported by recent studies that analyzed Insig double KO mice (65) (66) (67) . Insig proteins regulate cholesterol biosynthesis through modulating the activities of Hmgcr and Scap ( 68 ) . In these mice, accumulation of cholesterol intermediates in the presence of cholesterol leads to cleft palate ( 65 ) or hair growth defects ( 67 ) . Be- sis, sterol metabolism/transport, and fatty acid synthesis. Based on the identifi cation of overlapping gene expression changes in Dhcr7-defi cient and 7-DHC oxysterol-treated Neuro2a cells, we hypothesize that the pathophysiological fi ndings in the mouse SLOS model and SLOS patients might be due to accumulated 7-DHC oxysterols. Should this prove to be the case, it would potentially change the paradigm for SLOS therapy, shifting the focus to the identifi cation of therapeutic agents that prevent the formation (or neutralization) of the most toxic 7-DHC-derived oxysterols.
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formation predicts that SLOS tissue would have roughly 27 times higher levels of oxysterols (including those derived both from cholesterol and 7-DHC) than control tissue, given comparable levels of radical initiation and termination. But the accumulation of 7-DHC-derived oxysterols may be dependent on several factors. First, levels could be higher in tissues exposed to high oxygen tension (e.g., lung, retina) or in tissues that are relatively defi cient in endogenous antioxidants. For example, a cholesterolderived oxysterol that is structurally analogous to compound 10 has been reported to be present in ozone-exposed lung lavage and in a human bronchial epithelial cell line, and this oxysterol appears to be toxic at micromolar concentrations ( 69 ) . Light has been reported to exacerbate retina degeneration in a rat model of SLOS and this observation could well be due to accelerated free radical oxidation of 7-DHC ( 22, 70 ) . In addition, the formation and accumulation of 7-DHC oxysterols might be modifi ed by enzymatic transformations, and therefore different tissues may show specifi c 7-DHC-derived oxysterol profi les. Oxysterol levels could also be tissue and fl uid dependent, because 7-DHC concentrations differ in plasma, brain, and liver in humans and rodent models ( 11, 20, 28, (71) (72) (73) .
Targeted lipidomic analyses of the mouse embryonic brain showed the presence of endogenous cholesterolderived oxysterols of enzymatic and nonenzymatic origin ( 74 ) . Therefore, it is likely that 7-DHC would serve as a source of oxysterols in the developing and adult brain. Considering the potent biological effects of 7-DHCderived oxysterols, it is probable that these accumulated oxysterols would infl uence normal brain development. Because hippocampal neurons are more sensitive than monocytic cells to 7-ketocholesterol ( 47, 48 ) , it is likely that primary neurons will be more sensitive to 7-DHCderived oxysterols than Neuro2a, a neuroblastoma cell line. In addition, the accumulation and metabolism of oxysterols and the sensitivity to oxysterols may differ between neuronal and glial cells. Even small changes in proliferation rate of neuronal progenitors induced by oxysterols as well as their effect on differentiation of neuronal precursors into specifi c types of neurons would greatly infl uence brain development. For example, in the mouse SLOS model, there is an increase in number of serotonergic neurons and fi bers and changes in the fi ber tract formation (agenesis of corpus callosum and agenesis of hippocampal commissure) ( 75 ) . Future studies will show if some of these changes are the result of 7-DHC oxysterol accumulation in the nervous system of the SLOS KO mice.
Gene expression changes due to defi ciency of Dhcr7 reductase were examined previously in both in vivo and in vitro models ( 40, 75 ) . Waage-Baudet's ( 75 ) study analyzed gene expression changes in embryonic hindbrain of Dhcr7-defi cient mice, and Korade et al. ( 40 ) analyzed gene expression changes in Dhcr7-defi cient Neuro2a cells. Despite the many differences in methodologies used in these two studies (starting material, experimental design, data mining, microarray platform), there is a concordance in the results showing expression changes in cholesterol synthe- Supplemental Material can be found at:
